As we move forward towards the next generation of wireless protocols, the push for a better radio physical layer is ever increasing. Conventional radio architectures are limited to narrow operating regions and fails to adapt with changing technology. This is further strengthened with the advent of cognitive radio, which needs a more versatile and flexible framework that is programmable within the timing constraints of a protocol. In this paper we present an architecture for Software Defined Cognitive Radio that caters to the specific baseband processing requirements in a changing environment. We aim to provide more flexibility by de-constructing the radio pipeline into a framework of user controlled kernels that can be reconfigured at run-time. This architecture provides the barebones of a OFDM based radio physical layer that can adapt to perform a varied number of tasks in different radio networks. We also present a novel message based real-time reconfiguration method to transmit and receive a wide range of waveforms used in concurrent wireless protocols.
INTRODUCTION
Cognitive radios are an emerging wireless networking technology that are generally characterized as "reacting to an environment" in order to improve network performance. Equally important, most Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. ANCS '10, October 25-26, 2010 cognitive radios are envisioned to use Dynamic Spectrum Access (DSA) to make use of fractured available spectrum. A radio node employing (DSA) acts as a secondary user and could use a part of a licensed frequency band while causing no interference to the primary user of that band. Orthogonal Frequency Division Multiplexing (OFDM) multicarrier communication technique that allows for such dynamic access of the medium. We discuss the applicability of OFDM in cognitive radio in more details in §3 and discuss why this is a good choice for such an application. Thus a new paradigm of non-contiguous spectrum access has evolved that has led to cause radio hardware architecture to be more adaptive and self aware to the ever changing radio environment. While transmission in non-contiguous spectrum, often in multiple disjoint chunks spread apart in frequency can be achieved with relative ease, receiving such waveforms greatly complicates the tasks facing the radio -for example: correlators, used to determine if a signal is in transmission, now must look up across multiple bands instead on one continuous range of frequencies [16] . A quick example of such a cognitive transmission is shown in figure 1. The spectrogram (x-axis represents frequency denoted by OFDM subcarrier index and y-axis represents packet airtime), shows how a cognitive transmitter adjusts it's transmission bandwidth based on the available spectrum. The spectrogram is comprised of hundreds of small packets transmitted over 450µsec but each packet occupies a different part of the spectrum denoted by the high spectral energies in dBm (red zones). The unoccupied spaces indicated by low spectral energy (green zones) could be thought of as occupied by a primary user (not shown here) in a licensed band and hence avoided by the cognitive radio. This example shows how DSA coupled with OFDM is slowly becoming the choice for the next generation wireless networks. While transmitting such waveforms is relatively easy, receiver functionality needs to be redesigned considerably to support a non-contiguous spectrum access. Thus, it is important to take a new look at the radio PHY and assess the requirements for next generation radio architecture. This paper discusses the challenges involved in designing such radio PHY that is adaptable, fast and easy to reconfigure and backward compatible with legacy systems using OFDM.
The evolution of processing for wireless networking, particularly for Software Defined Cognitive Radios (SDCRs), is approaching a design choice similar to Internet routers which has advanced substantially over time. Network processors used two ways to speed network processing. The first method, exemplified by the Intel IXP processors, was to develop general purpose processors with extensions and multiple specialized packet processing engines. Although those processors are intended for network processing tasks, they can be used for other purposes (e.g. storage processing). Another approach, adopted by systems such as the SiTerra/Vitesse Prism processor accelerate specific steps of the network processing pipeline, such as implementing a specialized route lookup mechanism. Recently, a generalized packet processing approach based on the OpenFlow model has been proposed, leading to a rethinking of forwarding hardware [8] . This model of forwarding uses more general "match logic" (e.g. TCAMs) coupled with general purpose processors for populating that hardware. The same trend of using a general purpose processor, followed by specialized hardware and then evolving into some general purpose processor coupled with hardware acceleration is common in many computing domains and reflect both the increase in available silicon for special purpose applications with analysis to determine the "kernel" of specific domains.
Radio processing on the other hand was originally digital hardware that was implemented using a combination of general purpose DSPs or fixed-function logic implemented as an ASIC or using an FPGA. Over time, specialized processor designs have evolved that are finely tuned for handling a set of wireless protocols [27, 40] . However, these processors are mainly suitable for "3G" networks, and it's not clear they are easily adaptable to "4G" or emerging radio standards. Alternative architectures, such as the PicoChip processor [34] and other similar designs like SCA and XiRisc [10, 29] combine general purpose processors with fixed-function logic designed to provide more efficient solutions to specific tasks (e.g. correlators for determining if a packet is being received). The most challenging problem in the domain of cognitive radio is supporting non-contiguous spectrum access while remaining backward compatible and these architectures do not provide enough flexibility to adopt this shifting paradigm.
In this paper, we survey some of the techniques that we believe cognitive radios will need to implement and highlight the impact of those techniques on the underlying architecture. Our current implementation is at the point of special purpose functional blocks implemented using an FPGA that form the foundation of 3G and 4G wireless protocols and are easily reconfigurable at run-time. The contribution of this paper is a review of the structure of processing steps needed in cognitive radios rather than a final general purpose design for those processing steps.
RELATED WORK
In this section, we discuss current research in the field of software defined radio for current wireless networks. Wireless protocol processing can be broadly grouped into four categories: (1) Software processing only on general purpose processors, (2) On-chip network based architecture, (3) Multiprocessor architecture and (4) Hybrid architecture -general purpose processors along with dedicated accelerators using reconfigurable gate arrays.
When wireless PHY processing is done entirely in software as in [1] and [3] , although it aids in reprogramming using simple high level programming languages, they often fail to meet the protocol timing requirements for modern wireless protocols such as 802.16 and other cognitive radio protocols like 802.22 because of a combination of I/O throughput and post-processing using commercial CPUs. The SORA platform [40] , proposes a hybrid implementation of 802.11 physical layer using general purpose CPUs and a radio control board. Although most of the transceiver chain is implemented in software, the system is currently not able to support NC-OFDM transmission and reception, which is the basic requirement for the cognitive radio environment. SORA uses various cache optimization techniques and core dedication for specific functionalities, which might require redesigning for a wider bandwidth cognitive radio.
NOC based processing [6, 22] , relies heavily on the performance of the routing algorithm and the efficiency of the common functional unit. Reprogramming such devices can only be done at compile time. Unless, the functional units are multi-mode, supporting multiple protocols is a challenge using this form of architecture.
Multiprocessor architectures are particularly effective for radio processing because it meets the protocol timing requirements in most of the cases. SODA [27] provides a multi-processor architecture using optimized SIMD operations for digital processing, but SODA fails to address the requirements for a SDCR and it is not known if the processor could support non-contiguous OFDM processing. In [34] , the authors propose a multiprocessor architecture using several hundred processors. Implementation of radio PHY using highly parallel processors is shown in [12] . Researchers have also used embedded processor to implement a simple single carrier radio transceiver as in [5] .
Processor based architectures are often complemented by dedicated hardware acceleration unit for particular algorithms. In [28, 34] employ FPGA accelerators for DSP algorithms along with RISC processors, where application specific functions can be mapped. PicoArray [34] is a tiled-processor architecture, containing several hundred heterogeneous processors, connected through a compile-time scheduled interconnect. These systems often combine dedicated hardware for correlations for signal detection.
Software controlled hardware is another form of processing engine that uses software to control certain "knobs" in the hardware to perform multiple tasks. The WARP [31] and KUAR [21] are two such platforms that are capable of certain cognitive radio transmission.
While most of the previous work focuses on architecture of the actual processing engine, few focus on defining the requirements of a true cognitive radio. Therefore, instead of architecting just software defined radio, future research should be inclined towards the idea of a software defined cognitive radio. It is important to envision how next generation wireless networks will behave, and the design of the underlying hardware needs to be such that the architecture is ready to embrace any adaptation required. In this paper, we present an architecture, which is capable of adapting in a cognitive radio environment and also allows for simple additions of newer functionality and tunable parameters.
OFDM FOR COGNITIVE RADIO
Orthogonal Frequency Division Multiplexing (OFDM) [9] is a special type of Multicarrier Modulation (MCM), where the data stream is divided into multiple bit streams and are modulated using closely spaced non-interfering frequencies called subcarriers. In conventional Frequency Division Multiplex (FDM) systems, a band-pass filter is used to filter to limit the bandwidth of the transmission or reception. In OFDM, instead of using sharp cut-off filters, an Inverse Fast Fourier Transform (FFT) is used to convert the frequency data carrying subcarriers to a time domains signal which can be upconverted to the desired carrier frequency. An inverse operation at the receiving using Fast Fourier Transform(FFT) reveals the frequency domain information. Establishing the correct symbol boundary is of utmost importance in any OFDM based system. Apart from the simple waveform generation and reconstruction, OFDM provides significant advantages over single carrier transmissions like : immunity to multipath distortion, scalability and spectral separation, making it a superior choice for large family of wireless protocols [30] .
Cognitive Radio Networking is the next generation of wireless networks, where each radio is expected to sense the environment for available spectrum and adapt quickly to it without interfering with the incumbent for that carrier frequency. The secondary system should be able to avoid the primary transmission while communicating within its own network in a spectrum hole. This kind of network requires sensing capability, and fast adaptation to new frequency band for both transmission and reception. We believe that OFDM is likely to be chosen as the communication substrate in Cognitive Radio Networks due to its inherent capability of transmission and reception in variable bandwidth and in multiple chunks of subcarriers called subchannels without using any kind of bandpass filters. Any subcarrier set can be suppressed to form a NonContiguous OFDM (NC-OFDM) waveform, which can be utilized to transmit in a spectrum hole, avoiding the primary user. The use of FFT for OFDM also helps in sensing the spectrum, while other adaptation capabilities, like changing the number of subcarriers and subchannels makes OFDM the most appealing medium for communication in Cognitive Radio Networks. Since most of the newer protocols, like 802.11, 802.16, LTE, WRAN, WPAN, all use OFDM at the physical layer, we believe that OFDM is a likely choice for cognitive radio application. Table 1 shows some of these common OFDM parameters for three contemporary wireless protocols. This motivates our research in new architectures for software defined radios which will allow innovation in future deployments of cognitive radio networks. 
SDCR : REDEFINING THE RADIO PHY
The similarity amongst different communication protocols is also reflected in their corresponding physical layer. There is an increasing demand to redesign the common processing engines to perform most of the functions in a fast changing environment of cognitive radio. A close look at the current wireless protocols reveals that we can define a more fundamental set of operations or primitives, beyond just the the parameters or functional operation of a particular transceiver subsystem: e.g., instead of having correlators with fixed coefficients, we should have a method to feed the coefficients required for a particular packet encoded using a particular protocol. This is typically required in a cognitive radio environment where the available spectrum varies over time and so does the number of available OFDM subcarriers which changes the time domain correlation coefficients [17, 33] .
With various concurrent wireless protocols in mind we define a set of fundamental operations, a generic transceiver should have in order to operate as a SDCR. This de-construction of the radio physical layer beyond a multi-mode type operation is motivated by a substantial amount of prior research and publication in the cognitive radio community. We list the barebones of the transceiver and highlight the research that has motivated the design of this subsystem :
• SDCR should be able to transmit and receive in any set of subcarriers [24, 35, 17] . Essentially it should support noncontiguous OFDM transmission and reception.
• Not only does it need to adapt to changing spectrum availability, the SDCR should be able to change its modulation (e.g: BPSK, QPSK, 16QAM, 64QAM) at a subcarrier level. Also, high throughput wireless PHY layer techniques require advanced modulations such as superposition coding and hierarchical modulation, which require a high degree of programmability in the modulation levels. In [26, 38] , we can find requirement of such systems.
• Depending on the availability of spectrum, the SDCR needs to change the FFT size to control the number of subcarriers to be used for the transmission. Also depending on the channel conditions the duration of the cyclic prefix needs to change to combat multipath channel distortions. WIMAX 802.16 [24] and LTE [19] are examples of wireless protocols that directly requires this capability.
• In order to support NC-OFDM transmission, the SDCR receiver needs a programmable correlator which can support an arbitrary set of correlator coefficients from a pre-defined superset as chosen by the protocol. [42] and [7] are such examples that require synchronization of NC-OFDM preambles which changes the correlator co-efficients from one packet to another.
• Equalization is an important signal conditioning step used in the receivers. To accommodate with the changing environment, the transmitter selects different set of pilot subcarriers [11, 24] to assist in the equalization at the receiver end. Therefore the pilot locations and their relevant phase is an important information that the receiver needs to have in order to equalize a NC-OFDM signal.
• Packets modulated using NCOFDM and with variable data rates for every subcarrier, the demodulator has to be programmable to be able to receive this type of transmission.
In [35] , we find the need for such a system with different demodulators across different subcarriers. Figure 12 shows the performance of the equalizer using the same received signal. The red dotted line in figure 12 (a) and 12(b) shows the interpolation for magnitude and phase respectively over nonadjacent OFDM subcarriers. Figure 12(c) shows the unequalized constellation for the same waveform. As we can see that the noise in the phase causes rotation of the constellation by almost π/2 radians which makes the demodulation quite erroneous. The equalizer de-rotates the constellation after correcting the phase and magnitude of the OFDM subcarriers by channel estimation and pilotaided linear interpolation as discussed in §4.3.2. The de-rotated constellation is shown in figure 12 (d) which shows a clean BPSK constellation that can be successfully demodulated without errors. We captured signal from the FPGA at the Equalizer level to generate figure 12.
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Spectrum Sensing
Spectrum sensing is one of the fundamental operation of a cognitive radio. Using OFDM offers the advantage of spectrum sensing without the use of of any new hardware. The Fourier transmform unit required to decode OFDM signal can also be used to sense the spectrum for any primary user of the channel. The energy based sensing is a simple mechanism that use a threshold on the FFT output to decide on a spectrum hole. Figure 11(a) shows an example of FFT output. Using a simple threshold we can clearly identify which part of the spectrum is occupied and whch part can be used for the secondary transmission.
EFFICIENCY AND GENERALITY
In this paper we aimed at addressing the implementation challenges that are faced in developing next generation wireless network protocols. Using various contemporary research in the field of wireless data communication [35, 17, 26, 38, 7, 42, 35, 15, 37] , as examples we present a generalized framework for a SDCR node. Although this implementation is based on FPGA, the design can be easily translated to ASIC implementation and it has sufficient software interface to allow reconfigurability at real time to support a wide variety of waveforms including those employing OFDM based DSA.
We do not find any current research, described in §2, on software defined cognitive radio architecture. However, we assume the software based implementations, capable of processing OFDM signal structure, can be modified easily to perform as a cognitive radio platform. GNURadio and SORA are two such architectures, which we study in detail. GNURadio [1] is a purely software based implementation of SDR platform, and efforts [42] have been made to use it as a software defined cognitive radio. However, large processing delays [20] in the processing pipeline of GNURadio platform is a fundamental limitation in implementing a radio chain in real time. Another recent effort is SORA [40] , which implements 802.11 pipeline in software, taking advantage of streamlined processing of multi-core architecture, cache optimized lookup tables and core dedication for specific SDR tasks. SORA meets timing requirements for 802.11, which handles data from relatively small number of OFDM subcarriers (64 in case of 802.11a/g). However, a wider bandwidth cognitive radio may need to process data from 1024 or 2048 subcarriers which might require researchers to redesign SORA, in a way to respond within the timing constraints of a protocol. Compared to these contemporary architectures our framework uses a more generic design approach that is equipped to support future cognitve radio PHY processing at real-time.
The proposed architecture is built on a basic OFDM transceiver used in 802.11a/g [18, 14] . In order to make the design generic we have included a simple programming interface using registers and state machines. While the state machines are responsible to generate control signals for various signal processing blocks the signal processing blocks themselves need to have additional resources to interpret those signals and adapt to a changing radio environment. This leads to additional hardware resource. Compared to a basic 802.11a/g, OFDM based transceiver, the SDCR framework consumes requires an additional 5.41% of slices and 2.02% of LUTs. This excess hardware usage can be considered negligible given the wide array of waveforms it can support, making it an efficient platform for future wireless technologies. Since OFDM based DSA seems to be the choice for cognitive radio deployments, the architecture presented in this paper is considered suitable for the signal processing requirements of such networks.
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CONCLUSION
In this paper we propose an architecture of a software defined cognitive radio by defining the specific requirements for every transceiver subsystem to be able to operate in a true cognitive radio network. We aim to deconstruct the conventional OFDM based radio pipeline to include specific programmable features that changes with available spectral resources. Rather than making the radio pipeline multimode, we aim to treat it as a skeleton or barebone which supports a family of transmission protocols in a cognitive environment. We also propose a programming interface that reconfigures the underlying barebones with minimal overhead and with fine-grained control over different operating parameters. It is our belief that this architecture along with a cognitive controller will allow innovations towards future cognitive radio deployments.
